Isolated cat papillary muscle preparations were assumed to contract in the wall of a hypothetical cylindrical model of the left ventricle ejecting into a vascular impedance. Using analogcomputing techniques, a feedback system was created between shortening, velocity of shortening, and the load on the muscle. This feedback function could be modulated by altering the resistance and capacitance components of the vascular impedance and by changing either muscle mass or volume of the hypothetical ventricle. For different settings of the peripheral vascular impedance, the computed flow and pressure waves generated by the model were similar to flow and pressure waves in experiments on intact hearts under analogous impedance variations. Both an increase in initial muscle length and an increased contractility augmented ventricular pressure and flow waves. A reduction in hypothetical ventricular muscle mass increased force development and mechanical power of the physiologically loaded contraction. This increased mechanical power compensated for the reduction in muscle mass in producing ventricular flow and pressure waves. A decrease in muscle force development under ventricular volume reduction decreased the mechanical power of muscle contraction and reduced ventricular pressure and flow waves. From these registrations it appeared that the sets of pressure and flow waves for a given vascular impedance, ventricular geometry, and contractile state are in direct relation to the mechanical power development of muscle contraction. Ore Res
WE RECENTLY measured the mechanical performance of isolated cat papillary muscle preparations contracting under loading conditions which simulated those experienced in the intact ejecting heart (Paulus et al., 1976; Brutsaert and Paulus, 1977) . This was done by feedback circuits that imposed a physiological loading function, computed on the basis of a hypothetical cylindrical ventricular model ejecting into a vascular impedance. In the present study we have extended these investigations by examining the effects of changes in the resistance or the capacitance components of vascular impedance (Elzinga and Westerhof, 1973; Milnor, 1975; Westerhof, 1968) , of changes in ventricular volume, and of changes in ventricular muscle mass in the model. Force, length, shortening velocity, and mechanical power of muscle contraction were measured directly, and computed pressure and flow of the hypothetical ventricle were displayed simultaneously with these direct measurements.
Methods
In this study we used 13 right ventricular cat papillary muscles (see Table 1 ), selected by the ratio of resting tension (RT) to total tension (TT) (Brutsaert and Claes, 1974) . The muscles were suspended vertically in a bath containing a modified Krebs-Ringer solution containing (min): NaCl, 118; KC1, 4.7; MgSO,, 1.2; KH 2 PO 4 , 1.1; NaHC0 3 , 24; CaCl2, 2.5, and glucose, 4.5. The solution was gassed with a mixture of 95% O 2 and 5% C0 2 . The muscles were stimulated 36 times/min with rectangular pulses, 5 msec in duration and about 10% above threshold. The stimulus was provided by two platinum electrodes arranged longitudinally, one on each side of the muscle. The temperature of the bath was maintained at 36°C. An initial stabilization period of 3-4 hours at a temperature of 29°C and at a stimulation frequency of 12 stimuli/min was allowed prior to the experiment. The electromagnetic lever system, the force transducer, and the force-generating control systems have been described previously (Brutsaert and Claes, 1974) . The time course of shortening (Al), shortening velocity (v), force (f), mechanical power (W), pressure (P), and flow (q) were recorded on a storage display unit (Tektronix 611) and photographed with a hard copy unit (Tektronix 4601). Initial muscle length was adjusted by imposing the appropriate static load (i.e., the preload) on the muscle. Afterward the mechanical stop was appropriately adjusted against the lever. The static load was removed when the dynamic loading feedback was turned on. This latter load thus provided the sole force acting on the muscle. VOL. 44, No. 4, APRIL 1979 RT/TT -the ratio of resting to total tension at peak tension development of an isometric twitch contraction at 1, ™, , . K -constant used in the impedance loading feedback (Equation 7)
• (Brutsaert and Claes, 1974) t A loading feedback constant of 2°K was used in order to have a sufficient amount of dynamic load to keep the muscle lever against the mechanical stop during the interval between two stimuli.
Feedback Function for Impedance Loading
Papillary muscles were loaded with a loading feedback system based on an electric network of two resistors (Rc-Rp) and a capacitance (C) which was parallel to the peripheral resistor Rp (see Fig.  7 ) (Elzinga and Westerhof, 1973; Westerhof, 1968 ). The papillary muscle was considered part of a circumferential bundle of muscle fibers in the wall of a hypothetical cylindrical ventricular model (Paulus et al., 1976; Gordon, 1976) . This geometrical configuration was justified by the preponderance of circumferentially running fibers in the ventricular wall (Streeter et al., 1973) . During contraction, the long axis of the ventricle (L) was assumed to remain constant. Using an analog-computing technique, the instantaneous amount of shortening (Al) and velocity of shortening (v) were converted to flow (q) out of the hypothetical ventricle. Simultaneously, an electric current source produced a current proportional to this flow (q) signal. This current passed through an electric network of two resistors and a parallel capacitance; this network served as an analog electric model of the vascular impedance of the arterial tree. The voltage signal over this network corresponded to the pressure (P) developed, when the flow (q) passed through the vascular system. By using the Laplace relationship of the hypothetical ventricle, this pressure signal was converted to wall tension or load on the muscle (f)-Hence, for the contracting papillary muscle, a dynamic loading feedback system was generated between shortening (Al) and velocity of shortening (v) on one hand and force development (f) on the other. The corresponding pressure (P) and flow (q) signals could be obtained from the current and voltage signals of the electric network. A multiplier unit provided the mechanical power (W) of muscle contraction from the velocity of shortening (v) and force (f) signals.
Mathematical Analysis of the Impedance Loading Feedback Function
The flow (q) out of a hypothetical cylindrical ventricle can be expressed as in Equation 1 (Paulus et al, 1976) :
where V = ventricular volume L = long axis of the ventricle k = constant: ratio of ventricular circumference (2?rr) to papillary muscle length 1 = muscle length or where q = Ki x 1 x v k 2 L (2) K,= dl or shortening velocity of the papillary muscle.
The peripheral vascular impedance can be expressed as a three-element model (Westerhof, 1968) consisting of a resistance (Re) in series with a second resistance (Rp), which is in parallel to a capacitance (C). A valve-like effect is obtained by inserting a diode (D) in the network in front of the resistance (Re). The impedance of this network is expressed as Z. Hence aortic pressure P during ejection equals:
The pressure developed by the hypothetical ventri-cle is related to wall stress by:
where n = number of circular rings of papillary muscles in the ventricle N where N = the number of "papillary muscles" end to end attached in a hypothetical left ventricle of a dog. This number can be determined by dividing the stroke work (Rushmer, 1970) of a dog ventricle (4 cm in diameter) by the work done by a papillary muscle (e.g., 1 cm length, 1 mm 2 cross-sectional area) during an afterloaded contraction (with a total load of half peak tension) (Paulus et al., 1976) ; hence, N Ventricular stroke work Papillary muscle contraction work 0.25 joules 25 n joules = 10,000;
i.e., the hypothetical ventricle of the dog is supposed to consist of 10,000 papillary muscle (e.g., of 1-cm length and 1-mm 2 cross-sectional area; for papillary muscles with other dimensions the number N was changed proportionally).
For the left ventricle of the dog, r and L (see Equation 1) can be set at 2 and 6.2 cm, respectively (Ross et al., 1967) . The values for the peripheral vascular resistances (Re and Rp) and capacitance (C) could be set over the following range:
Re (g-cm-"-sec-1 ): 90 -220 -1,200 4,500 -> 12,000 260.10" 55.10"
Rp (g-cm-*-sec" 1 ): 1,200-C (g-1 -cm 4 -sec 2 ):800.10-6
The middle values (Westerhof et al., 1971) for Re, Rp, and C are the values calculated for the systemic arterial tree specifically in the dog. From Equations 3 and 4,
where Hence,
The formula used in the electronic feedback circuit (see Appendix) was:
= K x l x l x v x Z .
Results
(7) Figure 1 shows muscle shortening (Al), shortening velocity (v), and force development (f) of a contraction under dynamic loading. The lower traces show aortic pressure (P) and aortic flow (q) derived from the hypothetical ventricle via the electronic feedback circuitry. At the arrow, peripheral vascular resistance Rp was increased from 8,000 to 12,000 g-cm" 4 -sec" 1 . Peak shortening, shortening velocity, and aortic flow decreased, while muscle force development and aortic pressure increased. Muscle force development under dynamic loading (2.5 mN/mnr) was nearly equal to wall stress in a dog ventricle of similar dimensions (McHale and Greenfield, 1973 ) (207 ± 19 mN/cm 2 ), whereas its time course resembled stress time curves in the intact heart (Gault et al., 1968) . Figure 2 compares the effects of alterations in arterial compliance (C) or peripheral resistance (Rp) on the same measurements as in Figure 1 . The traces are in accord with data from isolated cat hearts, loaded with a similar, though mechanical, impedance system (Elzinga and Westerhof, 1973) . A decrease of capacitance C from 520 (panels 1 and 2) to 260 g" 1 -cm*-sec 2 (panels 3 and 4) increased systolic aortic pressure and decreased diastolic pressure, whereas it hardly affected aortic flow. When peripheral resistance Rp was raised from 6,000 (panels 2 and 4) to 12,000 g-cm" 4 -sec" 1 (panels 1 and 3), aortic pressure increased while aortic flow diminished (Wilcken et al., 1964; Elzinga and Westerhof, 1973) . A decrease in aortic flow was observed j X K 2 = -5-= K.
FIGURE 1
Cat papillary muscle loaded with an impedance loading feedback system in which peripheral resistance (Rp) was suddenly raised (at arrow) from 8,000 to 12,000 g• cm' 4 • sec~'. Top traces = muscle shortening (bl) and shortening velocity (v); middle trace •= force or load on the muscle (f); bottom traces = aortic pressure (P) and aortic flow (q) developed by the hypothetical ventricle. Muscle characteristics: see Table 1 , muscle 9; feedback characteristics: K = 1.9 cm z ; I = 10 mm; Re = 220g-cm' 4 -sec''; Rp = 8,000g-cm" 1 -sec'' and 12,000gcm"'-sec' 1 ; C =• 260.1Q-H g~'-cm 4 -sec 2 . VOL. 44, No. 4 Table 1 , muscle 9; feedback characteristics: K = 1.9 cm 2 ; I = 10 mm; Re = 220 g-cm~4sec-'.
when the arterial capacitance was made very small (C = 55 g" 1 .cm 4 -sec 2 ) (Urshell et al., 1968) . Doubling the value of K (Equation 7) corresponded to a loading feedback with half the number (N) of muscle fibers in the hypothetical ventricle. This intervention is shown in Figure 3 . With fewer fibers to sustain ventricular pressure, the force development of the residual fibers increased at the expense of muscle shortening (Al) and shortening velocity (v). An increase in muscle force development increased the mechanical power of contraction (directly displayed at the bottom of the figure). This enhanced power then partly compensated for the reduction in ventricular muscle mass in producing ventricular flow and pressure waves.
A diminution of about 50% of the hypothetical ventricular volume with no change of initial papillary muscle length was achieved by a 25% reduction of 1 in the feedback circuit. Figure 4 shows that at a lower ventricular volume there was an increase of shortening velocity, an increase of shortening, and a decrease of force development. With respect to the derived measurements, the aortic pressure and late aortic flow decreased. With contractions starting from different initial muscle lengths, it appeared that an increase in initial muscle length under the same dynamic loading feedback increased muscle shortening, shortening velocity, force development, aortic pressure, and flow. Under physiological loading feedback, an increased muscle preload or initial muscle length induced major changes in total muscle load, making any distinction between preload and afterload meaningless as independent modula-tors of an ejecting cardiac contraction (Brutsaert and Paulus, 1977; Brutsaert and Paulus, 1978. Figure 5 displays the changes of peak tension of isometric contractions and the changes of peak aortic pressure and peak aortic flow of physiologically loaded contractions as a function of muscle resting tension or initial muscle length. Peak isometric tension, peak aortic pressure and peak aortic flow of contractions starting from L , were taken as reference values. Muscle resting tension was Table 1 , muscle 9; feedback characteristics: K = 1.9 cm' 2 ; K = 3.8 cm' 2 ; I = 10 mm; Re = 220 g-cm~4-sec~'; C = 260.10"" g~' • cm 4 • sec' 2 '; Rp = 12,000 g-cm' 4 -sec''. Table 1 , muscle 9; feedback characteristics: K = 1.9 cm*; I = 10 mm; I = 7.5 mm; Re = 220 g-cm~4-sec~'; C = 260.KT*g~x-cm 4 -sec 2 ; Rp = 12,000g-cm-1 -sec' 1 .
-50% J FIGURE 5 Average values (mean ± SE) of changes in peak aortic pressure (P), peak aortic flow (q), and peak active isometric muscle (AT) tension, expressed as percentage of peak pressure, peak flow, and peak isometric tension measured at l max , are displayed as a function of different values of muscle resting tension, i.e., at Vf e, 'A, V> and 2 RT (resting tension at l mux = 1).
expressed as a fraction of the resting tension at l mtx . Changing muscle resting tension or initial length from below l mBX to l nui , provoked increases in peak aortic pressure and isometric tension development, and a less pronounced increase in peak aortic flow. An increase in muscle length beyond lmax produced a decline in active isometric tension and a moderate increase in pressure development, without any change in aortic flow.
When the calcium concentration in the bathing solution was raised from 2.5 to 7.5 mM/liter, muscle shortening, shortening velocity, force development, aortic pressure, and aortic flow all increased. The effects of the various interventions that were examined in this study are summarized in Table 2 .
Discussion

Impedance Loading Feedback
Isolated papillary muscles were subjected to an impedance loading feedback system, in which the muscle was assumed to be part of a circumferential (Paulus et al., 1976; Gordon, 1976) . A dynamic loading feedback system was created between muscle shortening and shortening velocity on the one hand and load on the muscle on the other. This loading feedback system could be modulated by both ventricular geometry and vascular impedance (Brutsaert and Paulus, 1977; Elzinga and Westerhof, 1973; Milnor, 1975) . Changes in one of the components of the vascular impedance, i.e., either in peripheral resistance or in arterial capacitance, influenced both the muscle fiber contraction and the pressure and flow waves of the hypothetical ventricle in a way that was similar to analogous changes either in the intact dog (Wilcken et al., 1964; Urshell et al., 1968) or in isolated cat hearts loaded with a mechanical impedance system (Elzinga and Westerhof, 1968) (Table 2) . VOL. 44, No. 4, APRIL 1979 ity-length surface with respect to time and initial length (Brutsaert and Paulus, 1977) but it has a maximum in the middle of the surface (see Fig. 6 ). Therefore, there exists a direct relation between myocardial contractility and ventricular pressure and flow waves. This relation is mediated by individual muscle power production and ventricular hydraulic power.
The Muscle Length-Tension Relation of Physiologically Loaded Contraction
The influence of the muscle length-tension relation on ventricular performance was illustrated in Figure 5 . 94% lmax to lm» x increased peak aortic pressure by 27 ± 4%, peak aortic flow by 19 ± 4%, and peak hydraulic power by approximately 60%. A further increase in initial muscle length to 101% lmax produced a 5 ± 1% increase in peak aortic pressure and no change in peak aortic flow. In experiments on dogs (McGregor et al., 1974) , peak left ventricular pressure, stroke volume, and aortic flow continued to increase when end-diastolic pressure was raised to 35 mm Hg or when the sarcomeres were stretched to a length of 2.3 pun. Since in the present study increases in initial muscle length beyond l ma x merely provoked minor increases in performance of the hypothetical ventricle, geometrical effects then probably account for the additional increase in performance of an in situ dog ventricle at higher enddiastolic pressures. The geometrical effect of changes in ventricular volume at a constant initial muscle length was illustrated in Figure 4 . Ventricular performance increased as long as muscle power production increased through enhanced muscle force development at the larger ventricular volumes. Therefore, an increased end-diastolic volume augments ventricular performance by shifting the course of cardiac muscle contraction on the powerforce-length surface to a point at which the mechanical power is increased; this is achieved by an increase in both initial muscle length and total muscle load.
Appendix
Electronic Circuits Used in the Impedance Loading Feedback Function (Fig. 7) The analog computing circuit developed a voltage proportional to the force feedback function V 0 F = K x Z x l x l x v where 1 = instantaneous total muscle length, v = shortening velocity, K = constant, and Z = vascular impedance. The incoming shortening signal was subtracted from a constant voltage, representing lo, FIGURE 7 Diagrammatic illustration of the electronic circuit of the impedance loading feedback system for an isolated contracting papillary muscle.
i.e., resting muscle length, to obtain 1, instantaneous total length. An active differentiator (time constant = 0.1 second) had a diode configuration in the feedback path, so that only the velocity of shortening was transmitted while the velocity of relaxation was omitted. The diode action represented aortic valve function. The velocity (v) and 1 signals were multiplied and amplified with a preset scaling factor K to obtain Klv. This signal was proportional to aortic flow and was fed to a current source which was connected to an electrical impedance circuit, simulating the input impedance of the ventricle. All electrical impedances were scaled 10 times greater than the vascular impedances, because the capacitance was too large. The current was scaled down 10 times to maintain a proportional voltage signal over the impedance. This voltage signal represented aortic pressure.
A voltage follower circuit buffered the voltage across the impedance, delivering the signal KlvZ. This signal was multiplied by 1 and the output voltage, representing the whole formula, was fed to the current source of the electromagnetic lever system, developing a force on the muscle proportional to the voltage applied to its current source.
